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Abstract
The ATLAS and CMS collaborations have observed independently at the Large Hadron
Collider (LHC) a new Higgs-like particle with a mass Mh ∼ 125 GeV and properties similar
to that predicted by the Standard Model (SM). Although the measurements indicate that this
Higgs-like boson is compatible with the SM hypothesis, however due to large uncertainties in
some of the Higgs detection channels, one still has the possibility of testing this object as
being a candidate for some Beyond the SM (BSM) physics scenarios, for example, the Minimal
Supersymmetric Standard Model (MSSM), in the CP-conserving version (CPC-MSSM). In this
paper, we evaluate the modifications of these CPC-MSSM results when CP-violating (CPV)
phases are turned on explicitly, leading to the CP-violating MSSM (CPV-MSSM). We investigate
the role of the CPV phases in (some of) the soft Supersymmetry (SUSY) terms on both the mass
of the lightest Higgs boson h1, and the rates for the processes gg → h1 → γγ, gg → h1 → ZZ∗ →
4l, gg → h1 → WW ∗ → lνlν, pp → V h1 → V bb¯ and pp → V h1 → V τ+τ−, (V ≡ W±, Z) at
the LHC, considering the impact of the flavor constraints as well as the constraints coming from
the Electric Dipole Moment (EDM) measurements. We find that it is possible to have a Higgs
mass of about 125 GeV with relatively small tanβ, large At and a light stop, which is consistent
with the current SUSY particle searches at the LHC. We obtain that the imaginary part of the
top and bottom Yukawa couplings can take very small but non-zero values even after satisfying
the recent updates from both the ATLAS and CMS collaborations within 1-2σ uncertainties
which might be an interesting signature to look for at the future run of the LHC. Our study
shows that the CPV-MSSM provides an equally potential solution (like its CP-conserving (CPC)
counterpart) to the recent LHC Higgs data, in fact offering very little in the way of distinction
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between these two SUSY models (CPC-MSSM and CPV-MSSM) at the 7 and 8 TeV run of
the LHC. Improvement in different Higgs coupling measurements is necessary in order to test
the possibility of probing the small dependence on these CPV phases in the Higgs sector of the
MSSM.
E-mail: tpac@iacs.res.in, biswaranjan@iitg.ernet.in, jldiaz@fcfm.buap.mx, tpdkg@iacs.res.in,
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1 Introduction
The experimental observation of the SM Higgs boson and the determination of its properties were
among the main motivations behind the construction of the LHC. Both the ATLAS and CMS
collaborations reported a Higgs boson discovery with the new particle having mass around 125
GeV [1–4]. It is also evident from the results that the observed signals in the different production
and decay channels available seem to follow the SM predictions. However, primarily due to the
presence of large experimental uncertainties, there could be some deviations in some of the indi-
vidual channels from the SM expectations. According to the recent updates on LHC results, CMS
results are consistent with the SM expectations within 1σ uncertainty in all channels, except for
a slight tension in the case of h → WW ∗ [5–10]. On the other hand, a slight excess still persists
in the case of ATLAS observations in most of the channels [11–17]. While not incompatible with
statistical fluctuations, it is also possible that such deviations could signal the presence of BSM
physics. For instance, one can explain these results in models with an extended Higgs sector like
those embedded in SUSY [18–21].
SUSY is in fact one of the most popular extensions of the SM, with motivations that include:
i) the solution to the hierarchy and naturalness problems of the SM; ii) the unification of the SM
gauge couplings at some high scale close to the Planck mass; iii) the provision of a Dark Matter
(DM) candidate (so long that R-parity conservation is postulated); iv) being a natural ingredient
of String theories.
The MSSM though, the simplest realization of SUSY, predicts the maximum tree-level value of
the lightest Higgs mass to be Mh ≤ MZ . Significant radiative corrections are needed in order to
push Mh beyond the latest LEP bound, Mh > 114 GeV. However, making the Higgs mass close
to 125 GeV requires the inclusion of sizable top/stop loop corrections, which depend quadratically
on the top quark mass and logarithmically on the stop masses, combined with a large value of
tanβ, the ratio of the Vacuum Expectation Values (VEVs) of the two Higgs doublets pertaining to
the MSSM. Several studies have already been performed in the context of different SUSY models,
including the MSSM [22–42] (also the constrained version [43]), NMSSM [44] and (B–L)SSM [45].
All of these scenarios predict a SM-like Higgs boson with mass around 125 GeV and also offer
solutions explaining the potential slight disagreement between the data and the SM predictions in
different decay channels.
Another route to follow in order to obtain similar results is to consider the possibility of having
non-zero values of the CPV phases in (some of) the soft SUSY parameters that can substantially
modify Higgs boson phenomenology at colliders at both mass spectrum and production/decay level.
This motivated an avalanche of phenomenological studies in this CPV-MSSM framework [46–76]. In
the presence of CPV complex parameters, the top and bottom squarks couplings to the Higgs state
will be modified substantially in a large domain of the MSSM parameter space [77–81]. Conversely
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though the CP phases in the MSSM are significantly constrained by the EDM measurements. At
the same time, the non-zero phases, satisfying the EDM constraints, may be allowed, as explained
in the following sections, and in some details in Refs. [82–88].
The Higgs potential of the MSSM is CP invariant at tree level. Several studies have been
performed to break the CP invariance of the Higgs potential spontaneously [89]. However, these
possibilities are now almost ruled out by various experiments [90]. Instead, CP violation can be
induced explicitly in the Higgs sector of the MSSM. This can be achieved by introducing complex
parameters that break CP invariance in the sfermion and chargino/neutralino sectors. There are
many new parameters which could in principle be complex and thus possess CPV phases, like the
Higgsino mass parameter (µ), the soft SUSY breaking gaugino masses (M1,M2,M3) and the soft
trilinear couplings (Af ) of the Higgs boson to the (massive) sfermions of flavor f . In general, each
of these phases can be independent. The CPV effects are then carried into the Higgs sector through
the interactions of the two Higgs doublets with the sfermions and/or charginos/neutralinos.
In this paper, we will study the possibilities to have the Higgs signals with mass around 125
GeV in the context of such a CPV-MSSM, which are in agreement with the aforementioned LHC
data as well as other experimental constraints. We will look for parameter configurations of the
model for which there exists agreement with both the Higgs mass and the rates into the channels
observed by the LHC. We will investigate the dependence of the feasible CPV-MSSM signals on the
couplings of the Higgs boson to both the relevant particle and sparticle states entering the model
spectrum, as well as upon the masses of the latter, thereby aiming at a general understanding of
the role of the complex phases. While scanning the CPV-MSSM parameter space, we also take into
account the constraints coming from the flavor sector and the EDM measurements.
The paper is structured as follows. In the next section we give a brief introduction to the Higgs
sector of the CPV-MSSM. In Sec. 3 we discuss the relevant experimental constraints coming from the
SUSY particle searches, flavor sector and EDM measurements. In Sec. 4 we investigate the possible
numerical values of its parameters after performing scans of the CPV-MSSM parameter space
against available experimental constraints. In Sec. 5 we present our results on Higgs production
and decay processes in connection with the LHC Higgs data. Finally, we conclude in Sec. 6.
2 A light Higgs mass within the CPV-MSSM
Within the framework of the MSSM, non-zero phases of µ, Mi (i = 1, 2, 3) and/or Af (f = t, b, τ)
can induce CP violation in the Higgs sector radiatively, via the interactions of the Higgs bosons
with the sfermions and gauginos. These interactions lead to modifications of the Higgs masses as
well as the Higgs couplings, breaking the CP invariance of the tree level scalar potential. Presence
of CP violation in the Higgs sector leads to scalar-pseudoscalar mixing, resulting in CP-mixed
physical Higgs states. In the following we describe this mixing schematically and explicitly present
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the dependence of mixing on different complex parameters. The gauge eigenstates of the MSSM
Higgs doublets are given by
Φ1 =
(
φ+1
φ01 + iη
0
1
)
, Φ2 =
(
φ02 + iη
0
2
φ−2
)
, (1)
with
< Φ01 >=
1√
2
(
0
υu
)
, < Φ02 >=
1√
2
(
υd
0
)
and where η0i (i = 1, 2) are the pseudoscalar components of the two Higgs doublets.
In the presence of the CPV phases in the scalar potential, the mass matrix for the neutral Higgs
bosons enters through the general form
Lmass =
(
η01 η
0
2 φ
0
1 φ
0
2
)

M2P M2SP
[M2SP ]T M2S


η01
η02
φ01
φ02
 . (2)
This 4×4 mass matrix is divided into 2×2 blocks withM2P andM2S representing the mixing within
the pseudoscalar and scalar states, respectively, and the off-diagonal block,M2SP , representing the
mixing between the scalar-pseudoscalar states. Note thatM2SP is absent in the CPC-MSSM and is
generated in the CPV-MSSM through one-loop corrections [91–99]. Different contributions to the
terms in the 2× 2 matrix M2SP can be summarized as follows [91,92]:
M2SP ≈ O
(
M4t | µ || At |
v232pi2M2SUSY
)
sin ΦCP ×
[
6,
| At |2
M2SUSY
,
| µ |2
tanβM2SUSY
,
sin 2ΦCP | At || µ |
sin ΦCPM2SUSY
]
, (3)
where ΦCP = Arg(Atµ), v = 246 GeV and the mass scale MSUSY is defined by
M2SUSY =
m2
t˜1
+m2
t˜2
2
, (4)
with mt˜1 and mt˜2 being the stop masses.
One can easily estimate the degree of CP violation in the Higgs sector by considering the
dominant one(s) of these contributions. For example, sizeable scalar-pseudoscalar mixing is possible
for a large CPV phase ΦCP, |µ| and |At| > MSUSY. Apart from a massless Goldstone boson G0,
which does not mix further with the other neutral states, the 4× 4 mass matrix effectively reduces
to a 3 × 3 Higgs mass-squared matrix M2, in the basis (A, φ01, φ02), where A is the appropriate
eigenstate of M2P . The 3× 3 symmetric matrix M2ij can be diagonalized by an orthogonal matrix
O, i.e., M2i δij = OikM2klOjl, leading to physical states, hi = Oji φj , where φj ≡ (A, φ01, φ02). In
this article, the physical mass eigenstates h1, h2 and h3 are considered in ascending order of mass
(Mh1 < Mh2 < Mh3). Moreover, as A is no longer a physical state, the charged Higgs boson mass
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MH± is a more appropriate parameter for the description of the CPV-MSSM Higgs sector instead
of MA often used in the CPC-MSSM. Hence, the tree level Higgs masses in the CPV-MSSM can
be conveniently expressed in terms of tanβ and MH± .
Radiative corrections enhance the Higgs mass significantly via the top quark Yukawa coupling,
the third generation top squark mass parameters MQ3, MU3 and the trilinear coupling At, while
the bottom squark sector has a somewhat subdued effect. At the same time though, flavor physics
observations from the b-quark sector often serve as stringent constraints on Higgs phenomenol-
ogy and we therefore include the sbottom sector parameters MD3 and the trilinear coupling Ab
along with the above mentioned top squark parameters. The stau sector, in principle, can play a
significant role in the Higgs to di-photon decay mode. To take this into account, we include the
parameters ML3, ME3 and Aτ corresponding to the stau sector in our parameter space scan.
Coming to the first two generations of the soft masses, it is well known that they have very
little effect on the Higgs sector of the MSSM. At the same time, their phases φAe/µ , φAu/d can
provide significant contributions to the atomic EDMs. These can however be drastically reduced
either by assuming these phases to be sufficiently small or by taking the first and second generation
squarks and sleptons sufficiently heavy. This is achieved by setting the hierarchy factor between
the first two and third generation soft masses to be 20. Nonetheless, sizeable contributions to the
EDMs are always possible from Higgs-mediated two-loop diagrams [100–102]. Therefore, in order
to ascertain whether the regions of parameter space of interest here are potentially compatible with
the EDM constraints, we have calculated the EDMs of Thallium, Mercury, electron and neutron
(dT l, dHg, de, dn) and compared the results with the current bounds [85, 103–113]. However, we
would like to clarify that in the present analysis, wherein we mainly focus on the possibility of a
125 GeV Higgs boson signal in the CPV-MSSM, we do not perform detailed studies of the different
EDMs. In fact, in general, it has been shown in [85] that the constraints from the EDMs are
highly dependent upon the combinations of different phases of soft SUSY breaking parameters as
different loop diagrams can interfere either destructively or constructively so as to either suppress or
enhance, respectively, individual contributions to the EDMs. In the case of dHg, the experimental
limits put severe constraint on φ3, due to the strong correlation between this phase and φAu,d , both
of which enter the EDM operators at one loop level. In contrast, dn and dT l limits have a relatively
stronger impact on φ2 though, presently, the latter constraint is not strongly correlated with any
of the other phases. A detailed analysis of the impact of the EDM data in the Higgs sector of the
CPV-MSSM, considering all the three Higgs bosons and all CPV phases, is complicated and beyond
the scope of this study. Nevertheless, herein we take a straightforward approach and present our
results after comparing with the available EDM constraints. In the following section we present
our numerical analyses and discuss the parameter space within the CPV-MSSM respecting these
constraints along with all other experimental restrictions including those from the flavor sector.
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3 Current experimental constraints
As explained in Sec. 2, the non-trivial CPV phases modify the Higgs mass significantly by intro-
ducing mixing between the scalar and pseudoscalar Higgs sector. CPV phases can also affect the
Higgs couplings with the gauge bosons and fermions, altering significantly their tree level values.
For example, in a situation with maximal CP violation, known as CPX scenario [66, 97, 114, 115],
one can have the lightest Higgs boson which is almost CP-odd with a highly suppressed coupling
to a pair of W ’s or Z’s [91, 92].
Both the ATLAS and CMS collaborations reported the best fit results of invariant mass in the
two high resolution channels, γγ and ZZ∗ → 4` (` = e, µ) as 125.5 ± 0.2 (stat.) +0.5−0.6 (syst.) GeV
[4] and 125.3 ± 0.4 (stat.) ± 0.5 (syst.) GeV [3], respectively. Thus, considering the 1σ uncertainty
band around the best fit value, we primarily demand that the lightest Higgs boson mass (Mh1)
should always lie in the range of 124.0 - 126.0 GeV, while scanning the CPV-MSSM parameter
space. Besides this, we also enforce the following constraints to select the final allowed parameter
space points for our further analyses.
We impose 95% Confidence Limit (CL)1 lower bounds on the masses of sparticles, listed by the
Particle Data Group (PDG) [116], as follows:
Mχ˜01 > 46 GeV, Mχ˜02 > 62.4 GeV, Mχ˜±1
> 94 GeV,
Mt˜1 > 95.7 GeV, Mb˜1 > 89 GeV, Mg˜ > 800 GeV. (5)
It is well known that the flavor observables play a crucial role in determining the viable regions
of the SUSY parameter space. Several rare b-decays, which are helicity suppressed in the SM,
can acquire substantial contribution from different SUSY particles present in the model and these
corrections may come with same or opposite sign with the SM expectations. To take into account
the stringent constraints on the SUSY parameter space coming from the flavor sector, we consider
several low energy processes like the purely leptonic decay of Bs → µ+µ− and Bd → τ+τ−, the
radiative decay b → sγ etc. The Bs → µ+µ− decay is a flavor changing neutral current process
which occurs at the loop level in both the SM and MSSM. In the SM, it is helicity suppressed by the
muon mass, which results in tiny SM expectation for the branching ratio of the order of 10−9 [117].
For large values of tanβ, order of magnitude enhancements of the Br(Bs → µ+µ−) are possible in
the MSSM, for details see Ref. [118–120] and the references therein. In the MSSM, the dominant
contribution mainly comes from the Higgs penguin diagrams with the exchange of the heavy scalars
present in the flavor changing b→s couplings. Besides, there are also contributions from the charged
Higgs and gluino exchange diagrams which may interfere constructively or destructively with the
1In our analysis, we consider 3σ bound for almost all the experimental constraints. But, for the sparticle masses,
we find 95% CL limit from the Particle Data Group [116]. We check that the updated results on different sparticle
masses, which are available in the literature but not yet included in the PDG database, do not change our results
substantially.
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Higgs diagrams and the SM expectations depending upon the sign of the µ and At terms. Due to
its strong dependence on tanβ, MSSM parameter space with large tanβ is now highly constrained
by the current experimental results on Br(Bs → µ+µ−) [121, 122]. The combined experimental
result from the LHCb and CMS for Br(Bs → µ+µ−) is (2.9 ± 0.7) × 10−9 [123–125] and in our
analysis we consider the 3σ error band around the central value,
0.8× 10−9 < Br(Bs → µ+µ−) < 5.0× 10−9. (6)
Let us now consider another important b-observable, namely Br(b → sγ). In the SM, it comes
from the t −W loop [126] and, in the MSSM, the dominant contribution comes from the t −H±
and t˜1,2 − χ˜±1,2 loops [127], where the former have the same sign with the SM t −W loop. The
chargino loop contribution is proportional to the product Atµ tanβ. Depending on the sign of
Atµ, there might be cancellation or enhancement between the above two loop contributions within
the MSSM [128]. Here, we choose positive At and positive µ and so we expect some cancellation
between these different SUSY corrections for large values of tanβ. Considering the large uncertainty
in the measurement of b → sγ, we here assume 3σ uncertainty around the experimental value of
Br(b→ sγ) = (3.43± 0.22)× 10−4 [129] which leads to
2.77× 10−4 < Br(b→ sγ) < 4.09× 10−4. (7)
Apart from the above-mentioned two flavor constraints, which play a significant role in the
present study, there exist other flavor constraints with subdued influences. The mass differences
measured in the B0 − B¯0 mixing, ∆MBd and ∆MBs , are equally sensitive to the new physics
contributions. For both these two observables, at large tanβ, non-negligible contribution comes
from the most dominant double scalar penguin (DP) diagrams [130,131]. The experimental and the
SM values for the mass differences in the Bd system are: ∆M
Exp
Bd
= 0.510±0.004 ps−1 [116,129,132]
and ∆MSMBd = 0.502±0.006 ps−1 [133], respectively. On the other hand, for the Bs system they are,
∆MExpBs = 17.768±0.024 ps−1 [132,134] and ∆MSMBs = 17.3±2.6 ps−1 [135]. The SUSY contributions
to the B0d − B¯0d and B0s − B¯0s mass differences are usually denoted as ∆MSUSYBd and ∆MSUSYBs ,
respectively and calculated by subtracting the SM prediction from the experimentally measured
quantity i.e. ∆MSUSYBd = ∆M
Exp
Bd
− ∆MSMBd [136, 137]. Note that, the theoretical uncertainty
associated to ∆MBs dominates the experimental uncertainties, unlike ∆MBd where both theoretical
and experimental error bars are relatively small. In rest of our analysis, we therefore, consider only
∆MBd mass difference
2 and allow the SUSY contribution ∆MSUSYBd lie within the 3σ error band
drawn around the experimental best-fit number. We also consider the ratio of the experimentally
measured Br(Bu → τν) to its SM value, RBu→τν = Br
Exp(Bu→τν)
BrSM(Bu→τν) = 1.21± 0.30 [120,138]. Besides,
we further check whether our results are consistent with the experimental result on the Br(Bd →
τ+τ−) available in the Particle Data Group [116].
2We check that if we consider the ∆MBs mass difference after satisfying eq.8 and allow even 1σ uncertainty in
∆MSUSYBs estimation, we loose only ∼1% points. We plot the correlation of these two observables (∆MSUSYBs and
∆MSUSYBd ) in Fig.7(a) and the figure itself justify our claim.
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Finally, we consider the measurement of direct CP asymmetry, ACP(B → Xsγ) associated with
the B → Xsγ decay with its present limit −0.008± 0.029 [116]. So, in summary, the experimental
limits used, corresponding to 3σ uncertainty, (except the Br(Bd → τ+τ−) which is given at 90%
CL in the PDG) are the following:
0.31 < RBu→τν < 2.1, Br(Bd → τ+τ−) < 4.1× 10−3,
−0.095 < ACP(B → Xsγ) < 0.079, − 0.0136 < ∆MSUSYBd < 0.0296 ps−1. (8)
All these constraints are imposed on the points satisfying the primary selection criterion on the
Higgs boson mass.
Furthermore, we investigate the effect of the EDM constraints on the parameter space. As
already discussed, atomic EDMs receive contributions from de, as well as quark EDMs or Chromo
EDMs (CEDMs). While in a quantum field theory, like the CPV-MSSM being discussed here, the
presence of CPV phases induces EDMs for elementary particles like the electrons and quarks. How
these contributions present themselves at the atomic level is a complex phenomenon, which depends
on the nature of the atom or molecule being studied and on the theoretical model being considered.
In the case of diamagnetic systems like Mercury (Hg), the dominant contribution comes from the
CEDMs, while the effect of de is sub-dominant. It is known that these atomic EDMs receive large
theoretical (hadronic and nuclear) uncertainties arising from the hadronic CPV. Besides, while
the EDM of Hg is one of the best known experimentally, theoretical calculations using different
techniques do not quite agree with each other, for reasons those are not fully understood [113]. Thus,
the upper bounds on de obtained from these results should be considered with caution [106,108]. In
contrast, in the case of paramagnetic systems like Thallium (Tl) and Ytterbium Fluoride (YbF), the
atomic EDMs depend on de and another term arising from electron-nucleon interactions, therefore
the de extracted from these systems are more reliable. Traditionally, while extracting de from these
systems, it is assumed that only the single unpaired electron would contribute to their EDMs.
Besides, there are also direct measurements on dn [109,110], which receives contributions from the
CEDMs arising in several BSM models. Similar to the atomic case, these results too receive large
theoretical uncertainties. We listed the current bounds on dn, dT l and dHg in Tab.1. At present,
System Present limit on absolute value
| dn | 3.3 ×10−26 e cm (95% CL) [109,110]| dT l | 9.0 ×10−25 e cm (90% CL) [85,105]| dHg | 3.1 ×10−29 e cm (95% CL) [103]
Table 1: Summary table for the current experimental limits on dn, dT l and dHg.
the most stringent model independent limit on de stem from the searches for the EDMs of YbF and
Tl, with upper limits of 1.05×10−27 e cm [104] and 1.6×10−27 e cm [105] at 90% CL, respectively.
An improved analysis including the effect of electron-nucleon interaction and combining the results
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from Tl, YbF and Hg is available in Ref. [106]. While considering the de constraints coming from
these experiments, we adopt the result of this analysis with de given at 95% CL [106] as
| de |< 1.4× 10−27 e cm. (9)
However, the Advanced Cold Molecule Electron (ACME) EDM Collaboration [107] measurement
recently put a strong limit on de which is down by one order of magnitude compared to the previous
measurements. The experimental bound at 90% CL is:3
| de |< 8.7× 10−29 e cm. (10)
In the next section, we first discuss the details of our CPV-MSSM parameter space scan and then
show the impact of these constraints on the CPV-MSSM parameter space.
4 Impact of the constraints on the parameter space
Here we explore the CPV-MSSM parameter space in order to estimate the regions which respect
all the above mentioned experimental constraints. The scans were performed using the publicly
available numerical package CPsuperH (version 2.3) [139]. We here consider two seperate scans
with different sets of input parameters.4 The choice of the first set of input parameters was aimed at
maximizing the effect of CP violation in MSSM, while the second set was with a view at searching
for solutions within the CPV-MSSM compatible with the LHC and other experimental results.
4.1 Scan 1: with maximum CPV phases
The first scan considered the following values of the input parameters:
1 < tanβ < 60, 100 GeV < MH± < 300 GeV,
50 GeV < |M1| < 500 GeV, 100 GeV < |M2| < 1000 GeV,
500 GeV < At = Ab = Aτ < 3000 GeV, 500 GeV < |µ| < 2000 GeV,
500 GeV < MQ3, MU3 < 2000 GeV, 500 GeV < MD3 < 2000 GeV,
100 GeV < ML3, ME3 < 2000 GeV. (11)
The 100 GeV lower limit for M2 is taken from the LEP-2 lower bound from model-independent
chargino searches, while the lower limit on tanβ is close to the LEP-2 Higgs search exclusion. In
3Here we would like to note that there are certain observables for which 90% or 95% CL data are available in the
literature, so we consider them at the same CL which are available, for example the sparticle mass bounds at the
PDG are given at 95% CL, while some of the EDM results are available either at 90% CL or at 95% CL.
4The reader may note that the first set of the parameter space scanning was planned and performed when
preliminary results of the LHC were available. However, the second scan is performed keeping in mind the latest
results of the LHC and the recent electron EDM measurement by the ACME collaboration.
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Ref. [51, 52], it was shown that there is a transition point at MH± ∼ 150 GeV (for some specific
choices of the model parameters) above which the lightest Higgs mass state, h1, is almost a pure
scalar state and thus there would be no CP violation effect through the scalar and pseudoscalar
mixing. So, in our first scan (Scan 1), we set the upper limit on MH± at 300 GeV in accordance with
the above observation. However, we will see in Sec. 4.2, interesting phenomenology appears when
we relax this upper limit on the H± mass. In order to have maximum CP violation, the three phases
φAf (f = t, b, τ) and φ3 are fixed at 90
o, while all other phases are set to zero. Trilinear couplings
of the first and second sfermion families (|Ae|, |Aµ|, |Au|, |Ad|, |Ac|, |As|) are less relevant for our
analysis, hence we have set them to zero. Both the CMS and ATLAS collaborations have already
excluded gluino masses less than 1.1 TeV for different possible final states in the context of the
Constrained-MSSM (CMSSM) [140,141]. Note that, the CMSSM bound can not be directly applied
here as the bound is expected to change in the context of the CPV-MSSM due to modifications
in the different decay/branching ratios. Here, we fix the magnitude and phase of the gluino mass
parameter M3 at 1.2 TeV and 90
o respectively just to reduce the number of free parameters.
Figure 1: In panel (a) we show the dependence of Mh1 upon φ3 for two BPs from our scan (upper
two curves) against two benchmark points in the CPX scenario (lower two curves), keeping φAt =
φAb = pi/2. While in panel (b) the red (dash-dotted), blue (small dash) and brown (long-dash
dotted) curves correspond to φ3 = 0, φ3 = pi/2, and φAt = φAb = φ3, respectively, corresponding
to BP-2. The horizontal solid curve in panel (b) represents the value of Mh1 in the CPC-MSSM
and the shaded region corresponds to the 1σ range of the observed Higgs boson mass 125.3 ± 0.4
(stat.) ± 0.5 (syst.) GeV by the CMS collaboration [3].
We now begin our discussion on the numerical analyses by defining some Benchmark Points
(BPs). In Fig.1(a), we display the variation of the lightest Higgs boson mass (Mh1) as a function
of the phase φ3, while keeping φAf = pi/2 (f = t, b, τ). The upper two curves represent two
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characteristic BPs (BP-1 & BP-2, see Tab.2) obtained from the scan of the CPV-MSSM parameter
space represented by eq.(11), whereas the lower two curves represent the CPX scenario [66,97,114,
115]. In Fig.1(b), we present a similar variation of the lightest Higgs boson mass Mh1 with the
CPV phase but this time with different combinations of phases for the BP-2 as displayed in Tab.2.
From Fig.1, it is clear that the mass of the Higgs boson crucially depends on the CPV phases. In
particular, notice that the radiative corrections to the lightest Higgs boson h1 mass strongly depend
on the stop mixing parameter Xt = At − µ cotβ. Now, in our case, µ is real while At is a complex
quantity. Hence, for different choice of phases, Xt can change, resulting in significant variations of
the Higgs mass as illustrated by the red (dash-dotted) and blue (small-dash) curves.
BP M1 M2 M3 tanβ MH± MQ3 MD3 ML3 At µ Mh1
1 496.7 356.1 1200 7.7 268.6 758.2 889.3 125.6 2458.0 796.6 125.5
2 469.7 456.8 1200 9.4 294.2 1371.8 704.5 1221.6 2621.7 1179.2 125.9
Table 2: Two BPs obtained after performing a random scan over the CPV-MSSM parameter space
using CPsuperH. In addition to the parameters relevant to describe the Higgs sector, we have also
presented the mass of the lightest neutral Higgs boson h1. We have fixed the CPV phases to 90
o.
All masses, At and µ are expressed in units of GeV.
In Tab.2, we have listed the details of BP-1 and BP-2, where the last column gives the mass
of the lightest neutral Higgs boson. These two points are illustrative of the fact that it is always
possible to have the lightest Higgs boson mass around 125 GeV when one includes the sizeable
corrections coming from the CPV phases onto the MSSM results.
Before proceeding to analyze some LHC observables, it is important to take a look at the
CPV-MSSM parameters and the particle spectrum after constraints are enforced upon the points
obtained in the random scan with eq.(11). In Fig.2(a) and (b) we have shown the allowed region
in the tanβ −MH± and Mh1 −Mh2 planes, respectively. The brick red/grey points are allowed by
the set of constraints mentioned in eq.(5) to eq.(8) while the black dots represent points which in
addition to those constraints also satisfy the EDM constraint given in eq.(9). We find that once
we impose the de constraint as given in eq.(9), the allowed parameter space shrinks to the region
depicted by the black dots, still with sufficient regions in the parameter space surviving all the
constraints. From Fig.2(a) one can conclude that the current limit on Br(Bs → µ+µ−) prefers low
to medium values of tanβ ∼ 6 − 13 and a somewhat heavy charged Higgs mass MH± >∼ 200 GeV
(brick red/grey points). In the CPC-MSSM, one has Br(Bs → µ+µ−) ∝ tanβ6/M4A, where MA is
the pseudoscalar Higgs boson mass. Hence, to satisfy the current limit on Br(Bs → µ+µ−), one
requires a heavier MH± and a lower tanβ. One may expect modifications in this formula in the
presence of CPV phases, however phases will not change it significantly. Fig.2(b) shows that, when
the lightest Higgs boson is SM-like, the second lightest Higgs boson can have mass around 200–300
GeV. This mass window may be accessible at the 14 TeV LHC run via gg → h2 → h1Z, followed
by h1 → bb¯ and Z → νν¯ or `+`−, as the analysis is very similar to the one performed in the case
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Figure 2: Constraints on the (a) tanβ − MH± plane and (b) Mh1 − Mh2 plane obtained after
scanning the CPV-MSSM parameter space randomly. The brick red/grey triangles are allowed by
the set of constraints mentioned in eq.(5) to eq.(8) while black points represent points which in
addition to those constraints also satisfy the EDM constraint given in eq.(9).
of the heavy Higgs boson searches at the LHC in the CPC-MSSM [21].
We further proceed to check how the most updated de measurements affect the scanned CPV-
MSSM parameter space. We find that, the latest bound on the de, quoted in eq.(10), completely
negates the parameter space region corresponding to eq.(11). However, we shall see that relaxing the
CPV phases from their maximal values (90o), and with more appropriate choices of the parameters,
one can satisfy the latest de bound along with all other EDM constraints (mentioned in Tab.1) and
the low energy experimental bounds. Without moving further with the results corresponding to
this set of parameters (eq.(11)), we now proceed for a new scan with modified parameter set, in
order to satisfy all the constraints discussed before including the stronger electron EDM bound.
4.2 Scan 2: allowing CPV phases to vary in the range of 0o − 90o
Moving away from the maximal CPV scenario (where φ3 and φAf are fixed to 90
o), sample test
scans varying the magnitude of M3 and the CPV phases (φ3, φAt , φAb and φAτ ) between 0
o − 90o,
were performed to optimize the parameter ranges suitable to accommodate all the experimental
constraints coming from the flavor sector and the EDM measurements. After a dedicated analysis
using those sample data sets, we fix the ranges (upper and lower limits) of the CPV parameters
and then proceed to scan the CPV parameter space for larger statistics. In our second scan, we
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choose an extended MH± mass range by setting the upper extreme to 1000 GeV, which was fixed
at 300 GeV in our first scan, in order to avoid the loss of significant amount of parameter space
due to the 300 GeV upper bound on MH± . Similarly for tanβ we now choose the range to be from
1 to 30, as our first scan has already discarded regions with very large values of tanβ.
We consider the following set of parameters in our final scan and vary them randomly within
the specified ranges:
1 < tanβ < 30, 250 GeV < MH± < 1000 GeV,
50 GeV < |M1| < 500 GeV, 100 GeV < |M2| < 1000 GeV,
800 GeV < |M3| < 2000 GeV, 500 GeV < |µ| < 1000 GeV,
1500 GeV < At < 3000 GeV, 500 GeV < Ab, Aτ < 3000 GeV,
500 GeV < MQ3 < 1500 GeV, 1000 GeV < MU3 < 3000 GeV,
500 GeV < MD3 < 2000 GeV, 100 GeV < ML3, ME3 < 2000 GeV,
0o < φ3, φAt , φAb , φAτ < 90
o. (12)
We take the 800 GeV lower limit on M3 to satisfy the experimental lower bound on the gluino
mass [116]. We would like to remind our reader that the lower bound on the gluino mass is applicable
for the CPC-MSSM and will change in the CPV-MSSM due to the significant modifications in
different decay/Br’s. However, from the current LHC results, we expect that the gluino mass
bound would be in the TeV regime and so, to be in a conservative side, we choose 800 GeV as the
lower limit. The ranges for µ, At, MQ3 and MU3 are set consulting sample test scans which favor
relatively large values of At and small values of the Higgsino mass parameter µ. We allow the CPV
phases (φ3, φAt , φAb , φAτ ) to vary between 0
o to 90o independently and randomly. Other remaining
parameters in this second scan are identical to those of the previous one (Scan 1).
With these new set of CPV-MSSM parameter ranges, we scan the parameter space for around
107 points and impose all the experimental constraints starting from eq.(5) to eq.(8) and the latest
bounds on de (eq.(10)), dT l, dn and dHg (Tab.1), after the primary selection criterion on the
Higgs boson mass. In Fig.3(a) and 3(b), we present the allowed region in the tanβ −MH± and
Mh1−Mh2 planes, respectively, for the parameter ranges mentioned in eq.(12). Clearly, larger MH±
values can accommodate larger tanβ, possibly even going beyond 30, satisfying all the constraints.
From Fig.3(a) we can see that values of tanβ smaller than around 5 are not allowed. In order to
understand which constraint disallows tanβ below 5, we plot the points allowed by the different set
of constraints, where magenta/medium grey dots are the points without any experimental bound,
the cyan/light grey dots are the points which obey only the Higgs mass bound and the black points
are allowed by all the experimental constraints starting from eq.(5) to eq.(8) and the latest bounds
on de (eq.(10)), dT l, dn and dHg (Tab.1). It is clear that the Higgs mass bound itself puts a lower
limit of tanβ ∼ 5. Here we would like to mention that, this pattern is consistent with the CPC-
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MSSM, see Ref. [142]. Fig.3(b) says that the second lightest Higgs boson (h2) can be as heavy as
the H±, with a preference for heavier masses.
Figure 3: Constraints on the (a) tanβ −MH± and (b) Mh1 −Mh2 plane respectively, obtained
after scanning the CPV-MSSM parameter space randomly, for the input parameters mentioned in
eq.(12). The magenta/medium grey region is without any experimental constraint, the cyan/light
grey region is allowed only by the primary Higgs mass bound and the black points are allowed
by the set of constraints mentioned in eq.(5) to eq.(8) and also the de (eq.(10)), dT l, dn and dHg
(Tab.1) constraints.
In Fig.4 we plot the allowed points in the (a) φAt − φ3 and (b) φAt − φAb planes. We get that
most of the allowed points fall in the region with relatively smaller values of φAt and φ3, even
though there are some points with large phase values as well. Here we would like to note that there
were no surviving points in the first scan (corresponding to eq.(11)) with ΦAt = ΦAb = ΦAτ = φ3
fixed at 90o. In the present scan the large MH± values make it possible to evade the experimental
constraints for large values of the CPV phases. Fig.4(b) clearly shows that φAb has negligible effect.
A similar result is obtained also for φAτ , which is not presented here.
Fig.5(a) and (b) summarize the spectrum of some relevant particles in the context of the CPV-
MSSM under the same conditions as previously explained, with the same black color code as in
Fig.3. Fig.5(a) shows, in particular, that the lightest chargino and neutralino masses could be
as high as 900 GeV and 500 GeV respectively, while Fig.5(b) says that the lightest stop and stau
masses could be as low as 450 GeV and 100 GeV respectively satisfying all the present experimental
bounds.
To study the constraints coming from the flavor sector, in Fig.6(a) we show the dependence
of Br(b → sγ) on the charged Higgs boson mass, with and without the imposition of the EDM
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Figure 4: Correlation of φAt with (a) φ3 and (b) φAb . The black color code is same as in Fig.3.
Figure 5: (a) Mχ˜±1
−Mχ˜01 and (b) Mτ˜1 −Mt˜1 planes after imposing all our selection criteria. The
black color code is same as in Fig. 3.
constraints. Similar kind of correlation can be seen in Fig.6(b), where we plot the variation of
Br(Bs → µ+µ−) with tanβ. The black color code is the usual one which represents the points
satisfying all the constraints, while the brick red/grey points satisfy all the experimental bounds
starting from eq.(5) to eq.(8), except the EDM constraints, mentioned in eq.(10) and Tab.1. We
have already discussed in Sec.3 that significant amount of SUSY contribution may come from the
charged Higgs loop and the chargino loop in b → sγ decay, and cancellation between the SUSY
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Figure 6: Variation of Br(b → sγ) with the charged Higgs mass (a) and the correlation between
Br(Bs → µ+µ−) and tanβ (b). The black colored points satisfy all the constraints, while the brick
red/grey points correspond to the points satisfying all of the constraints except the EDM ones.
contribution and the SM value may occur, resulting in enhancement/suppression in the decay
width. On the other hand, the SUSY contribution to the flavor changing b→ s couplings, present
in the Br(Bs → µ+µ−) decay, strongly depends on tanβ. From both Fig.6(a) and Fig.6(b), we
find that the recent electron EDM measurements affect the CPV parameter space significantly,
specially the region with large tanβ. The generic SUSY contribution to the electron EDM comes
from charginos, neutralinos at the one loop level and from neutral Higgses at the two loop level.
One can significantly reduce the one loop contributions by making the first two generations of
sfermions very heavy (around 5 - 10 TeV). However, the Higgsino contribution is always present
and it strongly depends on the Higgs boson coupling with the down type fermions and the coupling
grows with tanβ. So, we find that the imposition of the current de bound strongly discards the
large tanβ regime and thereby affect both the rare b-decays b→ sγ and Bs → µ+µ− significantly.
Apart from the tanβ effect, non-trivial effects coming from the different loops associated with the
different SUSY particles also play crucial role in accepting/discarding the parameter space points.
In Fig.7(a), we show the correlation in the ∆MSUSYBd - ∆M
SUSY
Bs
plane where these quantities
measure the SUSY contributions to the B0d − B¯0d and B0s − B¯0s mass differences, respectively. From
the figure, it is clear that all the points, which survive the Higgs mass cut and the low energy
flavor data, are well within the experimental 3σ limit. This figure also justifies our choice of
neglecting the ∆MSUSYBs cut as a selection criterion. However, with reduced theoretical uncertainty,
this constraint will play a significant role in the CPV-MSSM parameter space. Finally, in Fig.7(b)
we show the variation of the electron EDM with the phase of At, namely φAt . We find that the
current experimental electron EDM limit mostly favors smaller values of the CPV phases, though
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Figure 7: The left panel displays the correlation in the ∆MSUSYBd - ∆M
SUSY
Bs
plane, while the right
panel shows the impact of the CPV phase φAt on the electron EDM. The color code is same as in
Fig.3.
few parameter points may signal large phase values. We also find similar kind of behavior for all
other EDMs against the relevant CPV phases.
5 Results for the LHC Higgs signals
We shall now present the compatibility of the selected parameter space regions with the LHC
measurements specific to the discovered Higgs boson resonance. As the first scan is found to be
incompatible with the EDM bounds, we shall focus our attention on the second scan. The results
presented in this section are, therefore, those from the second scan, unless explicitly mentioned.
At the LHC, the Higgs boson is dominantly produced via Gluon-Gluon Fusion (GGF), which
at the lowest order occurs at one-loop level, with the Higgs boson subsequently decaying into γγ
or ZZ∗ → 4` or WW ∗ → `ν`ν5. Now, the leading contribution of Higgs boson decays into ZZ∗
is via a tree-level process, whereas the Higgs decays into the di-photon final state via a one-loop
process at leading order. This one-loop decay process potentially contains SUSY particles like stop,
sbottom, stau, charginos and charged Higgs bosons in addition to the SM particles (top, bottom
and charged gauge bosons). Conversely, in the GGF production mode only colored particles (top,
bottom, stop and sbottom) contribute to the loop. Assuming the Narrow Width Approximation
5We neglect here the consideration of the τ+τ− and bb¯ decay modes from GGF, as corresponding experimental
errors are still very large.
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(NWA)6 and neglecting higher order QCD corrections at production level7, we define the Higgs
boson event ratios as follows:
RXX =
Γ(h1 → gg)CPV−MSSM
Γ(h→ gg)SM ×
Br(h1 → XX)CPV−MSSM
Br(h→ XX)SM , (13)
where, XX = γγ or ZZ∗ or WW ∗ and h1 is the lightest Higgs boson of the CPV-MSSM, while in
the SM case it is marked as h.
Turning our attention to the study of effects specifically due to the CPV phases, notice that
CPV effects enter into eq.(13) through higher order corrections in the definition of the physical h1
mass as well as through lowest order terms via the h1f˜ f˜
∗ couplings, where f˜ refers to any possible
sfermion. In fact, as emphasized in Refs. [46–52], the most significant CPV effects are induced by
the latter, since the former is responsible for mass shifts between models which are within current
experimental uncertainties in the determination of the resonant Higgs mass.
In order to appreciate such specific CPV effects in our analysis, we find it convenient to study
the ratio of the bottom/top Yukawa coupling for the h1 state of the CPV-MSSM relative to SM
values for the h1 boson, which can be written as (q = b, t):
yCPV−MSSMq
ySMq
= Rq−S + iγ5Rq−PS . (14)
Here Rq−S and Rq−PS denote the scalar and pseudoscalar part of the Higgs Yukawa coupling,
respectively. The full expressions for these terms can be found in the CPSuperH manual [139].
When Rγγ is plotted as a function of the b-quark couplings, Rb−S and Rb−PS , as shown in Fig.8(a)
and (b), one finds that there are solutions to the LHC Higgs data with both positive and negative
values of Rb−S , which is typical of the CPV-MSSM, unlike the case of the CPC-MSSM, which
only allows for positive values. A similar behavior is obtained for the dependence on the t-quark
couplings, as shown in Fig.8(c) and (d). Further, if one recalls that the coupling of the top quark
to the h1 Higgs boson is inversely proportional to sinβ (relative to the SM case) and that we have
varied tanβ from 1 to 30 (which implies sinβ ∼ 1), it is not surprising to see that Rt−S remains
around unity. Needless to say, by definition, Rb−PS and Rt−PS are zero in the CPC-MSSM, whereas
both of them are non-zero in the CPV-MSSM, although their absolute values are much smaller than
those for Rb−S and Rt−S , respectively.
We now proceed to study correlations among the different signal strength variables as mentioned
above. At first, we would like to discuss the correlation of the signal strength variables corresponding
to our first scan (Scan 1), although the updated results from the ACME EDM collaboration on
the electron EDM excluded all the parameter space points, for the sake of completeness of the
6Which is justified by the fact that in all models considered (SM, CPC-MSSM and CPV-MSSM) one has that the
Higgs width is always several orders of magnitude smaller than the Higgs mass.
7Which would induce a different finite term inside the K-factor in the SM with respect to the CPC-MSSM (and
CPV-MSSM as well), though with differences generally too small to be of relevance here.
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Figure 8: Variation of Rγγ with the scalar and pseudoscalar part of the ratio of the bottom ((a) &
(b)) and top ((c) & (d)) quark Yukawa couplings defined in eq.(14) in the CPV-MSSM. The black
color code is same as in Fig.3.
discussion. In Fig.9(a), we plot the correlation between RZZ and Rγγ . Similar correlation in Rbb-
Rττ plane can be seen in Fig.9(b), when the Higgs boson is produced in association with a vector
boson (W/Z). We then compare our results with the recent CMS data [5–7,10]. According to the
CMS collaboration, the signal strength (our event ratios) for the γγ channel is (0.78+0.28−0.26), while
for the ZZ∗ and WW ∗ channels are (0.9+0.30−0.24) and (0.68 ± 0.20) respectively [5–7, 10]. We plot
our results against the corresponding CMS results using 1σ (green/medium grey patch) and 2σ
(yellow/light grey patch) error bands around the experimental best-fit values (plus marks). We
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find that the maximum value of Rγγ is ∼0.7 while Rbb and Rττ are always greater than 1. As our
first scan is not compatible with the recent electron EDM bound, hence from now onwards, we
again turn our attention to the results corresponding to our second scan.
Figure 9: Correlation between (a) RZZ and Rγγ when the Higgs boson is produced via Gluon-Gluon
Fusion (GGF) and (b) Rbb and Rττ when the Higgs boson is produced via Vector Boson Fusion
(VBF), presented in comparison with the recent LHC data (CMS) along with the 1σ (green/medium
grey patch) and 2σ (yellow/light grey patch) error bands around the experimental best-fit values
(plus marks). The black color code is same as in Fig.2. Note that this scan corresponds to a setup
in which the CPV phases are maximal i.e. 90o.
We first study the correlation of Rγγ with RZZ and RWW when the Higgs is produced via
GGF channel. It is evident from Fig.10 that these values are in good agreement (within 1σ) with
the latest Higgs data as obtained by the CMS collaboration [5, 6, 10] for the h1 → γγ, h1 → ZZ∗
and h1 → WW ∗ channels. The observation of the h1 → bb¯ and h1 → τ+τ− decays using GGF
production mode are considered nearly impossible due to overshadow of QCD di-jet events. Hence,
to discuss signal strength variables associated with the bottoms and taus, we assume the Higgs
production in association with a vector boson (W/Z) and the gauge bosons decaying leptonically
with the Higgs boson decaying to a pair of b-jets, as both CMS and ATLAS have some sensitivity
in this channel [8, 9, 14, 15]. In this case, the definition of the corresponding event ratios will be
modified to (here, V = W/Z):
RY Y =
Γ(h1 → V V )CPV−MSSM
Γ(h→ V V )SM
Br(h1 → Y Y )CPV−MSSM
Br(h→ Y Y )SM , (15)
where Y Y = bb¯, τ+τ−.
The CMS collaboration results on these decay channels are Rbb = 1.15 ± 0.62 and Rττ =
1.10± 0.41 [10], respectively. In Fig.11 we display the scatter plots in the (a) the Rbb −Rγγ plane
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Figure 10: Correlation of Rγγ with (a) RZZ and (b) RWW , when the Higgs boson is produced via
GGF, in comparison to the latest LHC data (CMS) along with the error bands (the yellow/light
grey and green/medium grey patches are the 2σ and 1σ uncertainty levels, respectively, around the
experimental best-fit values, represented by the plus marks). The black color scheme is same as in
Fig.3.
Figure 11: (a) Rbb vs Rγγ and (b) Rττ vs Rγγ with the best-fit corresponding CMS values (plus
marks). The yellow/light grey and green/medium grey patches are the 2σ and 1σ uncertainty
bands, respectively. The black color scheme is same as in Fig.3.
and (b) Rττ −Rγγ plane, with the CMS results. The color scheme is same as earlier. We note that
the QCD and SUSY QCD corrections to Mb (∆b) play important roles in modifying the total decay
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width as well as the relevant Br’s of the Higgs boson [23, 143, 144]. This primarily changes the
h1 → bb¯ coupling values which are reduced for large ∆b8. In general, a reduction (enhancement)
of the h1 → bb¯ coupling decreases (increases) the total decay width of the Higgs boson. This in
turn enhances (reduces) the Br’s to modes like h1 → γγ thereby increasing (decreasing) Rγγ [23].
This is evident in Fig.11(a) that shows an anti-correlation between the values of Rγγ and Rbb¯. A
similar kind of anti-correlation exists in Fig.11(b) where we show the variation in the Rττ − Rγγ
plane. The plus marks represent the experimental best-fit values (CMS) for Rbb and Rττ [10], with
1σ and 2σ error levels (green/medium grey and yellow/light grey patches, respectively).
Figure 12: The correlations between (a) MH± and Rγγ , (b) MH± and κ
−1
bb . We define κbb as
κbb ≡ Γ(h→ bb¯)/Γ(h→ bb¯)SM. The black color scheme is same as in Fig.3.
As in our second scan (Scan 2) we increase MH± to 1 TeV, we find it interesting to investigate
the role of the charged Higgs mass in the Higgs to di-photon decay. The charged Higgs boson
contribution to the di-photon amplitude is usually negligible compared to the fermion and gauge
boson loop contributions [40]. In Fig.12(a) we show the variation of Rγγ with MH± and find that
the charged Higgs contribution increases the Rγγ value. However, we find that the key role of the
H± mass in Rγγ does not come from the hγγ coupling, rather it comes from the modification in
the total decay width of the Higgs and the hbb¯ coupling. To understand this behavior, we define a
quantity κbb as κbb ≡ Γ(h→ bb¯)/Γ(h→ bb¯)SM keeping in mind that Γtot ≈ Γ(h→ bb¯). In Fig.12(b),
we plot κ−1bb with MH± and find a strong correlation between them. We observe that κbb is large
for smaller values of MH± and it decreases with the increase of MH± . Since κbb is proportional to
Γ(h→ bb¯) ≈ Γtot, hence decrease in κbb implies decrease in total decay width, which in turn implies
8Notice that ∆b is typically positive for this analysis with positive µ [144].
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enhancement in Higgs to di-photon branching ratio. At the tree level, the charged and pseudoscalar
Higgs boson masses are related as m2H± = m
2
A + m
2
W± . In the CPC-MSSM, the hbb¯ coupling, at
tree level, goes as sinα/ cosβ, where α and β angles are related as:
tan 2α = tan 2β
m2H± −m2W± +m2Z
m2
H± −m2W± −m2Z
. (16)
From the above relation, it is obvious that the mixing angle α is also dependent on MH± and any
change in this parameter can lead to a change in κbb, which in turn modify the Γ(h→ bb¯) and also
Γtot.
Figure 13: Results on Rγγ , RZZ and RWW , presented with the corresponding ATLAS results in
(a) RZZ − Rγγ and (b) RWW − Rγγ planes. The plus marks are the best-fit experimental values.
The green/medium grey and yellow/light grey patches are 1σ and 2σ uncertainty levels, and the
color scheme is same as before.
The updated ATLAS results for the signal strengths of the aforementioned channels are: Rγγ
= 1.57+0.33−0.28, RZZ = 1.44
+0.40
−0.35, RWW = 1.00
+0.32
−0.29, Rbb = 0.2
+0.7
−0.6 and Rττ = 1.4
+0.5
−0.4 [17]. We present
and compare our results with those from ATLAS in Fig.13 and 14. From the plots it is clear that
our Rγγ is just reaching the lower part of the 2σ region, RZZ and RWW are almost within the
2σ and 1σ bands, whereas Rbb and Rττ are within the 2σ and 1σ error bands respectively, about
the best-fit experimental values from the ATLAS. However, note that there are indeed significant
discrepancies between the CMS and ATLAS results and our results are well consistent with those
from the CMS collaboration.
Before we end this section, we would like to comment on the phenomenological implications of
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Figure 14: Results on Rbb and Rττ presented with the corresponding ATLAS results in (a) Rbb−Rγγ
and (b) Rττ − Rγγ plane. The green/medium grey and yellow/light grey patches are 1σ and 2σ
error bands and the plus marks represent the best-fit ATLAS values for Rbb, Rττ and Rγγ .
the presence of non-zero pseudoscalar Higgs yukawa couplings. Note that, the possibility of being a
pure CP-odd state for the observed Higgs particle has now been mostly ruled out [145,146], however
the option of being a mixed CP state is still an open issue [147–150]. A non-zero pseudoscalar Higgs
yukawa coupling would affect several production and decay modes of the observed Higgs boson. For
example, the gluon fusion process crucially depends on the Higgs couplings with the top and bottom
quarks, while the decay of the Higgs to a pair of photons mostly involves the top quark coupling.
A global analysis involving all the Higgs couplings and the available current LHC results have been
performed with and without the current EDM constraints [149–151]. According to Ref. [149, 150],
the current data cannot rule out the possibility of non-zero pseudoscalar Higgs couplings, infact
it gives equally good fits compared to the CPC case. However, when current EDM bounds are
considered, the Higgs pseudoscalar couplings are restricted to approximately 10−2 [151]. Note that,
from Fig. 8(b) and (d), it is evident that our findings are in good agreement with the results
obtained from a dedicated global fit. The measurement of the CP properties of the Higgs boson
at the LHC mostly rely on its couplings to massive vector bosons. It has been shown in Ref. [152]
that the gluon fusion process could be sensitive enough at the 14 TeV run of the LHC to study the
CP properties of the Higgs boson. In fact, the presence of non-trivial CPV Higgs couplings would
have important implications in the electroweak baryogenesis [153].
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6 Conclusions
The discovery of a Higgs-like resonance with a mass close to 125 GeV by both the multi-purpose
experimental collaborations ATLAS and CMS operating at the LHC created a great interest in un-
derstanding the ultimate means adopted by nature for mass generation. The precise determination
of its spin, CP properties and couplings to the SM fermions and gauge bosons are highly crucial to
know the exact dynamics of electro-weak symmetry breaking. Although the measurements done so
far indicate that this Higgs-like boson is compatible with the SM hypothesis, however due to large
uncertainties in some of the Higgs detection channels, one still has the possibility of testing this
object as being a candidate of some BSM physics.
With this motivation in mind, we scan the CPV-MSSM parameter space in order to accom-
modate the 125 GeV Higgs boson with signal event rates consistent with the observed LHC data
and all other available experimental bounds till date. It is well known that any new source of CP
violation (above and beyond what is embedded in the SM) would lead to additional contributions
to the various EDMs. Therefore, while scanning the CPV-MSSM parameter space, we also enforce
different EDM constraints, namely the electron, neutron, Mercury and Thallium EDMs. In addi-
tion, we vary the CPV phases of the gaugino mass parameter M3, trilinear couplings At, Ab and
Aτ from 0
o to 90o. Note that we set other CPV phases like φ1 (phase of M1), φ2 (phase of M2),
phases of the first two generations of fermions to zero since these variables affect the Higgs sector
negligibly. We further impose several low energy constraints, mainly coming from the different
heavy flavor physics processes.
We perform two separate parameter space scans: (a) with some of the CPV phases to their
maximal value (90o) and (b) varying these phases from 0o to 90o. For both these two scans, other
parameters vary randomly within some specified ranges. We see that maximal phase scenario (case
(a)) is ruled out by the current EDM measurements, specially updated electron EDM measurement.
However, we find significant amount of parameter space points, in case (b), satisfying all the
constraints including EDMs. As expected, we see that relatively smaller values (c.f. Fig.7(b))
of these CPV phases are favored by the EDM constraints. We also calculate the signal rates of
the Higgs boson in the gg → h1 → γγ, gg → h1 → ZZ∗ → 4`, gg → h1 → WW ∗ → `ν`ν,
pp → V h1 → V bb¯ and pp → V h1 → V τ+τ− (V ≡ W±, Z) channels and find that over a large
expanse of parameter space of CPV-MSSM, our results are compatible (within 1σ) with the observed
data from the CMS collaboration, while most of them are still consistent within 2σ of the ATLAS
results.
Although, our results do not differ significantly from those of the CPC-MSSM, which are avail-
able in the literature. However, we find some interesting results in terms of some of the observables
of CPV-MSSM. The couplings of the Higgs boson with the bottom quark and top quark are very
important to claim the discovery of the observed particle as the SM Higgs boson. We find that the
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imaginary part of the top and bottom Yukawa couplings can take very small but non-zero values
even after satisfying all the recent updates from both the CMS and ATLAS collaborations (in terms
of the signal strength variable µ, or R in our case) within 1 − 2σ uncertainty. Moreover, we also
find an interesting result from the correlation plots of the different signal strength variables. We
do not find any significant excess in the di-photon decay mode (in both scan 1 and scan 2), but we
do see excess of events over the SM predictions for both the bb¯ and τ+τ− decay modes, i.e., in Rbb
and Rττ , when the Higgs boson is produced in association with the SM gauge bosons W or Z. The
suppression in the di-photon decay mode with simultaneous enhancement in bb¯ and τ+τ− decay
modes with respect to the SM prediction and presence of non-zero imaginary parts of the top and
bottom Yukawa couplings, could be an interesting signature of this model. We briefly discuss the
phenomenological implications of the presence of such non-zero pseudoscalar Higgs coupling. In
addition to that, we also find that it is possible to have a Higgs mass of about 125 GeV with rela-
tively small tanβ, large At and a light stop, which is consistent with the current supersymmetric
searches at the LHC.
Altogether then, these findings point to the fact that the CPV-MSSM provides an equally
competitive solution (like its CPC counterpart) to the updated LHC Higgs data, in fact offering
very little in the way of distinction between these two SUSY models (CPC-MSSM and CPV-MSSM)
at the current LHC run. Improvement in different Higgs coupling measurements is necessary in
order to test the possibility of probing the mild dependence of these CPV phases in the Higgs sector
of the minimal SUSY realization.
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